Influenza A virus consists of eight negative-sense singlestranded viral genomic-RNA segments and encodes at least 11 proteins (reviewed in reference 39). These genomic RNAs are incorporated into virions as ribonucleoprotein (RNP) complexes, which consist of the viral RNA (vRNA) associated with three viral polymerase subunit proteins (PA, PB1, and PB2) and nucleoprotein (NP). Upon binding to cell surface receptors, virions are internalized by receptor-mediated endocytosis. After fusion of the viral and endosomal membranes, the viral RNPs (vRNPs) are released into the cytoplasm and transported to the nucleus, where viral-genome replication and transcription take place (34) . Newly synthesized vRNAs are associated with the NP and form vRNPs in the nucleus (4) . Subsequently, the vRNPs are transported to the cytoplasm and packaged into the progeny virus particles, which then bud from the cells.
NP, a basic protein composed of 498 amino acids, is a major component of vRNPs (reviewed in reference 33). It contains an RNA-binding region at its N terminus (residues 1 to 181) (1, 19) and two domains, responsible for NP-NP self-interaction, at residues 189 to 358 and 371 to 465 (8) (Fig. 1A) . Both of these NP functions are important to maintain the organization of vRNPs. Besides its structural role, NP is involved in many other functions throughout the virus replication cycle. In the early stages of the viral life cycle, NP facilitates vRNP import into the nucleus via its two nuclear localization signals (NLSs), an unconventional NLS (residues 3 to 13) and a bipartite NLS (residues 198 to 216) (35) . NP also plays a role in RNA synthesis in the nucleus (15) . It is required for the synthesis of longer RNAs, although three polymerase proteins are sufficient to synthesize short RNAs (14) . NP also interacts with the viral polymerase proteins PB1 and PB2 (3), suggesting a potential role in the regulation of polymerase activity. Export of vRNPs from the nucleus to the cytoplasm is promoted via an interaction between NP and M1/NS2 (2, 22, 27, 29, 38, 40, 42) . NP has an important role in RNP export; besides binding to the M1 protein, NP contains a cytoplasmic accumulation signal (residues 327 to 345), which interacts with F actin and causes cytoplasmic retention of NP late in infection (2, 5) . In addition, NP contains a nuclear export signal that is recognized by the nuclear export receptor CRM1 (9) . Overexpression of CRM1 biases transfected NP toward cytoplasmic accumulation, and the two proteins interact in in vitro binding assays (9) .
The NP possesses regions that are highly conserved among influenza A, B, and C viruses (23) . Mena et al. (23) used mutational analysis to identify several amino acid residues that are important for vRNA replication in the conserved regions of NP. For most of the conserved amino acids, however, the biological significance and the role in the viral life cycle remain unknown. To close this gap in knowledge, we attempted to generate 74 mutant viruses possessing mutations at conserved residues of NP, and for the mutations that did not support viral growth, we studied the steps at which the mutations negatively affected NP functions.
MATERIALS AND METHODS
Cells. 293T cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum. Madin-Darby canine kidney (MDCK) cells were maintained in minimum essential medium containing 5% newborn calf serum. NP-expressing MDCK (MDCK-NP) cells were maintained in minimum essential medium containing 5% newborn calf serum and 5 g/ml puromycin. All cells were maintained at 37°C in 5% CO 2 .
MDCK-NP cells stably expressing NP from A/WSN/33 (H1N1; WSN) were established by infecting MDCK cells with retroviruses that were generated by cotransfecting 293T cells with the murine leukemia virus retroviral vector pMX (30) containing the NP gene, the internal ribosome entry site (IRES) sequence, and the puromycin resistance gene (designated pMX-WSNNP-IRES-puro [see below]) and plasmids expressing Gal/Pol, NF-B, and vesicular stomatitis virus G protein (17) , which were kind gifts from Bill Sugden (University of WisconsinMadison). A stable MDCK cell clone expressing NP was selected in medium containing 0.15 mg/ml puromycin (Roche, Mannheim, Germany) by indirect immunostaining with a monoclonal antibody to NP.
Plasmid construction. The NP segment of WSN virus was reverse transcribed with an oligonucleotide complementary to the conserved 3Ј end of the vRNA (16) and a pair of NP gene-specific oligonucleotide primers containing BsmBI sites. The PCR product was cloned into the pT7Blueblunt vector (Novagen, Madison, WI), and the resultant plasmid was referred to as pT7-WSN-NP. After digestion with BsmBI, the fragment containing the NP gene was cloned into the BsmBI sites of the pHH21 vector, which contains the human RNA polymerase I promoter and the mouse RNA polymerase I terminator separated by BsmBI sites (24) , resulting in the generation of pPolI-NP (all plasmids derived from pHH21 for the expression of vRNA are referred to as PolI constructs in this report).
pCAGGs/MCS-NP, for the expression of the NP protein, was generated by inserting the BsmBI-digested NP fragment into the BsmBI sites of a modified pCAGGS/MCS (18, 25) vector. The substitution mutations listed in Table 1 were first introduced into the pT7-WSN-NP plasmid by in vitro site-directed mutagenesis (Stratagene, La Jolla, CA) and then subcloned into the pHH21 and pCAGGS/MCS vectors by using the unique BsmBI restriction enzyme sites. All mutations were verified by sequencing.
pPolI-WSN-NA-firefly-luciferase produces a virus-like RNA in which the coding region for firefly luciferase is flanked by the packaging signals of the NA segment (12) . This plasmid was generated by inserting the firefly luciferase open reading frame between the BamHI and XhoI sites of pPolI-WSN-NA-MCS, which was constructed by modifying the start codon of pPolINA(183)GFP(157) (12) (in essence, we replaced ATATG at nucleotide positions 113 to 117 and 161 to 165 with GCGCG) and by replacing the sequence from the initiation of the enhanced green fluorescent protein (GFP) gene to the StuI site on pPolI-WSN-NA(183)GFP(157). pPolI-HA-GFP, for the generation of a virus-like RNA encoding GFP, was generated as described previously (36) .
pCAGGS-Renilla, for the expression of Renilla luciferase, was generated by The pPolI-NP(Met Ϫ ) plasmid, used to generate vRNA that did not encode NP due to the lack of a start codon, was generated by changing the 1st through the 7th ATG codons to TAG and by changing the 14th and 15th ATG codons to TAG and TGA, respectively, using in vitro site-directed mutagenesis (Stratagene, La Jolla, CA).
The plasmid pMX-WSNNP-IRES-puro was constructed as follows. First, the puromycin resistance gene was inserted into XbaI and SalI sites of the plasmid pIRES (Clontech, Mountain View, CA), and then a fragment containing the IRES sequence and the puromycin resistance gene was inserted into EcoRI and SalI sites of the pMX retroviral vector (30) . This plasmid was designated pMX-IRES-puro. Finally, the WSN NP gene was cloned into EcoRI and MluI sites of pMX-IRES-puro.
Plasmid-driven reverse genetics. All viruses used in this study were generated by reverse genetics, using plasmids expressing the eight vRNA segments, the three polymerase proteins, and NP, as described by Neumann et al. (24) . At 48 h posttransfection, viruses were harvested and used to inoculate MDCK cells for the production of stock viruses. The NP genes of transfectant viruses were sequenced to confirm the origins of the genes and the presence of the intended mutations and to ensure that no unwanted mutations were present.
Virus-like particles (VLPs) were generated from 293T cells transfected with eight PolI constructs producing eight vRNA segments [i.e., PB1, PB2, PA, NA, M, NS, HA-GFP, and NP(Met Ϫ ), which lacks a start codon] and five protein expression constructs producing PB1, PB2, PA, hemagglutinin (HA), and mutant or wild-type NP (see Fig. 3 ). These plasmids were mixed with transfection reagent (2 l of Trans IT LT-1 [Mirus, Madison, WI] per g of DNA), incubated at room temperature for 20 min, and added to 10 6 293T cells. Six hours later, the DNA transfection reagent mixture was replaced by 1 ml Opti-MEM (Invitrogen, Grand Island, NY). Forty-eight hours after transfection, the supernatant was harvested, treated with trypsin, and used to determine the number of VLPs containing the test genes, as described below.
Replicative properties of viruses. MDCK cells were infected with wild-type WSN or NP mutant virus at a multiplicity of infection (MOI) of 0.0001 at 33°C and 37°C, respectively. At 48 h postinfection, the culture supernatants were collected and subjected to plaque assays in MDCK cells for virus titration.
Luciferase assay. 293T cells were transfected with plasmids for the expression of the viral proteins PA, PB1, PB2, and NP (wild-type or mutated NP) and pPolI-WSN-NA-firefly-luciferase. Plasmid pCAGGS-Renilla was used as an internal control for the dual-luciferase assay. As a negative control, 293T cells were transfected with the same plasmids, with the exception of the NP expression plasmid. After transfection, the cells were incubated at 33°C or 37°C for 48 h, and then luciferase activity was measured with a dual-luciferase reporter system (Promega, Madison, WI) on a Glomax microplate luminometer (Promega, Madison, WI) according to the manufacturer's instructions.
Immunostaining assay. MDCK cells were transfected with pCAGGs/MCS plasmids expressing wild-type or mutant NP. At 9 h and 24 h posttransfection, the cells were fixed and indirect immunofluorescence assays were performed. Briefly, the cells were washed twice with phosphate-buffered saline (PBS), fixed with 3.7% paraformaldehyde (in PBS) for 20 min at room temperature, washed again, and permeabilized with 0.5% Triton X-100 for 10 min. After being blocked with 10% bovine serum albumin for 20 min at room temperature, the cells were incubated with an anti-NP monoclonal antibody (347/3) for 30 min. The cells were then incubated with fluorescein isothiocyanate-labeled goat antimouse antibody immunoglobulin G (1:200 dilution; Roche) for 30 min, washed, and mounted with 10 mM p-phenylenediamine in glycerol-PBS (9:1), pH 8.5. To avoid the detection of newly synthesized NP, protein synthesis was inhibited by adding cycloheximide (50 mg/ml; Sigma) to the growth medium at 9 h posttransfection. Twenty-four hours later, indirect immunofluorescence assays were performed. Samples were observed under a fluorescence microscope or a confocal laser microscope (LSM510META; Carl Zeiss, Jena, Germany).
Determination of the number of VLPs. To determine the number of VLPs containing at least one vRNA (i.e., HA-GFP vRNA), culture supernatants of 293T cells transfected with plasmids for VLP production (as described above) were used to infect MDCK cells. To provide polymerase and NP that supported HA-GFP vRNA replication and transcription, cells were coinfected with WSN virus at an MOI of 0.1 (see Fig. 3 ). Sixteen hours postinfection, the infected cells were fixed, and the cells expressing GFP were counted under a fluorescence microscope.
To determine the number of VLPs containing a set of four vRNAs (i.e., PB1, PB2, PA, and HA-GFP vRNAs), the culture supernatants of transfected cells were used to infect MDCK-NP cells that stably expressed WSN NP (see Fig. 3 ). GFP expression from the HA-GFP vRNA would occur only if VLPs contained the HA-GFP vRNA together with the PB2, PB1, and PA vRNAs. GFP-positive cells, therefore, represented VLPs that possessed at least the PB2, PB1, PA, and HA-GFP vRNAs. As described above, the number of GFP-expressing cells was determined at 16 h postinfection.
RESULTS

Generation of NP mutant viruses.
For mutagenesis, we selected amino acids that are highly conserved among influenza A, B, and C viruses, as well as amino acids that may be critical for RNA binding, as suggested by the recently published crystal Group I contains 34 mutant viruses whose titers were less than 2 log units lower than that of wild-type WSN virus at either 33°C or 37°C. Seventeen viruses (possessing NP mutations R19A, Y40A, L49A, R98A, G132A, S141A, G169A, R214A, V242A, P277A, F291A, N319A, C333A, K357A, E369A, G490A, and E495A) were attenuated by less than 1 log unit at both 33°C and 37°C. Mutant viruses Q149A, K184A, G185A, R216A, R236A, L256A, G300A, Q327A, and W386A were clearly attenuated at both 33°C and 37°C, with virus titers reduced by more than 1 log unit compared to wild-type WSN virus, whereas E24A, R65A, R121A, G187A, E220A, K229A, G460A, and P474A were attenuated only at 33°C. Of these viruses, mutants Q149A, E220A, R236A, G300A, and W386A were attenuated by more than 2.5 log units at 33°C. The NP sequences of these mutant viruses were reconfirmed, and one unexpected mutation was found at position 140 (His to Arg) in the NP protein of mutant R65A (the significance of this substitution is currently unknown).
The NP mutant viruses in group II were significantly attenuated, i.e., their titers were more than 2 log units lower than that of wild-type WSN virus at both 33°C and 37°C. Eleven NP mutant viruses (R26A, R74A, R175A, E192A, R221A, M331A, R391A, S407A, V414A, D468A, and D491A) comprised this group. The titers of four mutants (R26A, R74A, R175A, and M331A) were more than 4 log units lower than that of wild-type WSN virus at both 33°C and 37°C. Four other viruses (R391A, S407A, V414 A, and D468A) were attenuated by more than 4 log units at 33°C but only 2 to 3 log units at 37°C.
Group III contains three mutant viruses, N59A, E64A, and E320A, which were unable to form plaques, although cytopathic effects were observed in MDCK cells infected with these mutants. The 50% tissue culture infective doses of N59A, E64A, and E320A were 5.5, 3.5, and 6.5 log 10 50% tissue culture infective doses/ml at 33°C, respectively.
Group IV includes the 26 nonviable mutants (D72A, G93A, K113A, Y148A, R150A, R152A, R156A, R174A, R195A, R199A, R208A, R213A, E254A, A260R, K273R, K325A, A337R, E339R, R355A, R361A, R387A, Q405A, F412A, R416A, F488A, and F489A), attesting to a critical role of these amino acids in the viral life cycle.
Polymerase activities of replication complexes containing NP mutants. As stated above and shown in Table 1 , we identified NP amino acid substitutions that caused viral growth defects. To assess the effects of these substitutions on vRNA transcription activity, we tested the activities of NP mutants by using a minireplicon system. pPolI-WSN-NA-firefly-luciferase synthesizes a modified influenza virus NA vRNA in which the coding region for firefly luciferase replaces the native NA coding sequences. The luciferase levels thus reflect the overall transcription and replication activities of the polymerase complex upon cotransfection of cells with pPolI-WSN-NA-fireflyluciferase and plasmids for the expression of the viral PA, PB1, PB2, and NP (wild-type or mutant NP), which support both replication and transcription from a vRNA template (32) . At 48 h posttransfection, luciferase activity was measured. We found that NP mutants in group I, whose mutations had no or moderate effects on virus replicative ability, had at least 80% and 60% of the luciferase activity of wild-type NP at 37°C and 33°C, respectively (Table 1) . NP mutant E220A showed reduced activity to support polymerase function at 33°C but not at 37°C. Other mutants in group I (i.e., Q149A, R236A, and G300A) showed no defect in supporting polymerase function compared to wild-type NP at 33°C, even though the respective virus titers were more than 2 log units lower than that of wild-type WSN virus at 33°C. Hence, these NP mutations do not affect genome replication and transcription, but other steps in the viral life cycle.
In group II, six NP mutants, R26A, E192A, R391A, S407A, V414A, and D491A, showed lower activity to support polymerase function at 33°C than wild-type NP, suggesting that these mutations may cause virus attenuation at low temperatures. Interestingly, R74A and R175A showed normal activity to support polymerase function at 37°C, and even higher activity at 33°C, compared to wild-type NP, whereas the respective viruses were attenuated by more than 4 log units. These results suggest that these mutations may inhibit steps other than genome replication and transcription, such as transport, assembly, and/or virion incorporation.
Mutants in group III showed some temperature sensitivity, expressing more than 145% of wild-type luciferase activity at 33°C but less than 55% at 37°C. Specifically, mutant E64A lost the ability to support reporter gene transcription at 37°C but expressed 193% of wild-type luciferase activity at 33°C. Notably, these mutant viruses could not form plaques at either 33°C or 37°C, even though they expressed higher luciferase activity than wild-type WSN virus at 33°C.
In group IV, many of the variants (i.e., R150A, R208A, R213A, E254A, A260R, K273A, A337R, E339A, R355A, A387R, Q405A, F412A, R416A, F488A, and F489A) showed no or very low luciferase activity at both 33°C and 37°C. Hence, these mutations likely lost the ability to support viral polymerase activity, resulting in the growth defect of the mutant viruses ( Table 1 ). The remaining mutants expressed reasonable levels of luciferase activity at either 33°C or 37°C. Of these mutants, D72A, K113A, R156A, R174A, R195A, R199A, K325A, and R361A showed normal or high polymerase activity at both 33°C and 37°C despite the observed failure of virus rescue (Table 1) . These data suggest a role of the respective amino acids in processes such as intracellular transport, assembly, and/or packaging.
Localization of mutant NPs. We found that 10 NP variants (D72A, R74A, K113A, R156A, R174A, R175A, R195A, R199A, K325A, and R361A) caused viral growth defects with no ap- MDCK cells were transfected with plasmids expressing mutant NPs, and indirect immunofluorescence assays were performed 9 h and 24 h after transfection. As shown in Fig. 2A and B and Fig. S1 in the supplemental material, 9 hours after transfection, wild-type NP and all NP mutants tested localized to the nuclei of transfected MDCK cells. Twenty-four hours after transfection, wild-type NP and all variants tested localized both to the nucleus and to the cytoplasm regardless of the addition of a translation inhibitor, cycloheximide. Since the localization of these mutant NPs was indistinguishable from that of the wildtype NP, their attenuated growth properties cannot be explained by defects in nuclear export. Incorporation efficiency of a single vRNA segment into VLPs containing mutant NPs. For some NP mutants, the growth defects of the corresponding viruses cannot be explained by deficiencies in replication or intracellular transport. Therefore, we next examined the effects of the respective mutations on virus assembly. To determine the incorporation efficiency of vRNA segments into VLPs, we transfected 293T cells with eight PolI plasmids for the PB1, PB2, PA, NA, M, NS, HA-GFP, and NP(Met Ϫ ) vRNA segments. The NP(Met Ϫ ) vRNA produced an NP gene whose start codon was replaced with a stop codon to avoid expression of wild-type NP; the HA-GFP vRNA encodes the GFP reporter flanked by the packaging signals of the HA segment (36) . Cells were cotransfected with five protein expression plasmids for PB1, PB2, PA, HA, and mutant or wild-type NP. The resultant VLPs were replication incompetent because they possessed mutant HA and NP vRNA segments instead of wild-type HA and NP vRNAs (Fig.  3) . The supernatants of transfected cells were harvested at 48 h posttransfection and used to infect MDCK cells, together with a helper virus to provide a functional polymerase complex that supports the replication/transcription of HA-GFP vRNA. The number of VLPs containing the HA-GFP vRNA segment was FIG. 2. Localization of NP mutants. MDCK cells transfected with plasmids expressing mutant NP or wild-type NP were subjected to indirect immunofluorescence assays. NP and DNA were stained with an anti-NP antibody and DAPI (4Ј,6Ј-diamidino-2-phenylindole), respectively. Samples were observed under a confocal laser microscope. Nine hours after transfection, wild-type and mutant NP exclusively localized to the nucleus. Shown are wild-type NP (A) and mutant R175A as a representative example of the mutants tested (B). Twenty-four hours after transfection, wild-type NP and all mutant NPs tested localized to both the nucleus and the cytoplasm, regardless of the addition of the translational inhibitor cycloheximide at 9 h posttransfection. The localization of the mutant NP proteins was indistinguishable from that of wild-type NP. Scale bars, 20 m. Table 2 , the number of VLPs possessing HA-GFP vRNA produced from cells expressing R74A, R156A, R175A, R195A, R199A, or R361A was at least as high as that from cells expressing wild-type NP. These results suggest that the mutations had no or little effect on the incorporation efficiency of a single vRNA segment into VLPs. In contrast, cells expressing D72A, K113A, R174A, or K325A produced VLPs containing HA-GFP vRNA less efficiently than did the wild-type NP, indicating that these NP mutations may impair vRNA incorporation into VLPs, resulting in the observed failure of virus rescue. Incorporation efficiency of multiple vRNA segments into VLPs containing mutant NPs. As described above, we found that R74A, R156A, R175A, R195A, R199A, and R361A support VLP incorporation of a single vRNA segment, leaving in question why these viruses replicate poorly. A possible explanation is that the NP mutant facilitates virion incorporation of single, but not multiple, vRNA segment. In such a scenario, the NP would assemble vRNA segments into sets of eight (in the form of RNPs) that constitute a functional genome. To examine this possibility, we generated an MDCK cell line stably expressing wild-type NP and used the cell line for VLP infection. Since a helper virus was not used for this experiment, PA, PB1, and PB2 vRNA segments had to be provided by incoming VLPs to support the replication/transcription of HA-GFP vRNA. The number of GFP-expressing cells should, therefore, correspond to the number of VLPs possessing at least four vRNAs (i.e., PA, PB1, PB2, and HA-GFP vRNAs). As shown in Table 2 , we found that the number of VLPs possessing at least four vRNAs produced from cells expressing R74A, R156A, R175A, R195A, R199A, or R361A was significantly lower than that from cells expressing wild-type NP. These results suggest that these mutations affect the efficient incorporation of multiple vRNA segments into VLPs, even though they had no or little effect on the virion incorporation of a single vRNA. As expected, the mutations D72A, K113A, R174A, and K325A completely inhibited VLP incorporation of four vRNAs.
DISCUSSION
In this study, we conducted a comprehensive mutational analysis to examine the roles of highly conserved amino acids in the influenza A virus NP for the virus life cycle. We found 17 amino acid substitutions (i.e., R19A, Y40A, L49A, R98A, G132A, S141A, G169A, R214A, V242A, P277A, F291A, N319A, C333A, K357A, E369A, G490A, and E495E) that had no or little effect on virus growth in vitro at either 33°C or 37°C, whereas other mutations tested significantly impaired viral replication efficiency. Using an in vitro replication assay, we identified 15 amino acid changes (i.e., R150A, R208A, R213A, E254A, A260R, K273A, A337R, E339A, R355A, A387R, Q405A, F412A, R416A, F488A, and F489A) that are crucial for viral-genome replication and/or transcription (Table 1) . Several NP mutants supported efficient replication in an in vitro replication assay but were highly attenuated in their growth properties. Some of these mutants facilitated efficient virion incorporation of a single vRNA but not that of multiple vRNAs. This is the first report that suggests a role of an influenza virus protein in the assembly and/or virion incorporation of vRNA segments.
The genome of influenza A virus consists of eight RNA segments. Two packaging models have been proposed for the generation of infectious virions containing these eight vRNA segments: "random-packaging" and "selective-packaging" models (9, 10, 37) . Recently, it has been suggested that each vRNA segment of influenza A viruses contains specific incorporation signals for the recruitment and/or packaging of vRNPs into virions (6, 7, 11-13, 20, 21, 28, 36) . These data support the "selective-packaging" mechanism of vRNA recruitment into virions. However, the involvement of other factors (i.e., viral proteins and/or host proteins) in the selective incorporation of the eight vRNPs into progeny virions is still poorly understood. In this study, we found 10 mutations (D72A, R74A, K113A, R156A, R174A, R175A, R195A, R199A, K325A, and R361A) that impaired the efficient incorporation of a set of at least four vRNAs (PA, PB1, PB2, and HA-GFP vRNP) into VLPs, although they did not affect the VLP incorporation of a single vRNA, i.e., the HA-GFP vRNA ( Table 2 ). As shown in Fig. 4 , eight of these NP mutations (i.e., D72A, K113A, R156A, R174A, R175A, R195A, R199A, and R361A) cluster around a possible RNA-binding groove that lies between the head and body domains at the exterior of the NP oligomer and is lined with highly conserved basic residues (41) . Two of these residues (R74 and K325) are located in an internal domain of NP. The architecture of RNP complexes in influenza A virus particles is such that the RNPs are organized in a distinct pattern of seven segments of different lengths surrounding a central segment. Close contact has been shown between the peripheral RNPs, as well as the central and peripheral RNPs (26) . NP may be involved in this close contact among the peripheral RNPs, (Fig. 3) .
c Infectious VLPs were used to infect MDCK-NP cells. In this approach, GFP expression from HA-GFP vRNA requires the expression of the PB2, PB1, and PA proteins from the respective vRNA segments. GFP-positive MDCK cells therefore represented VLPs that contained at least four vRNAs (i.e., the HA-GFP, PB1, PB2, and PA vRNAs).
through the interaction of RNPs and/or other essential host cellular components, leading to the efficient incorporation of the eight vRNA segments into virus particles.
Influenza A virus NP has at least two NLS sequences. An unconventional NLS is located between residues 3 and 13 and is responsible for NP binding to karyopherins ␣1 and ␣2 (35) . The second NLS is a bipartite signal located in the middle of NP (residues 198 to 216) (37) . The bipartite NLS can function as an NLS to a limited extent when it is fused to a cytoplasmic reporter protein (37) . Its contribution to NP nuclear import, however, is not as significant as that of NLS1 (37) . In this study, we attempted to generate five viruses that possessed amino acid substitutions in the bipartite NLS (R199A, R208A, R213A, R214A, and R216A). The R208A and R213A mutant viruses were not recoverable because these mutations significantly reduced viral transcription, consistent with a previous report that the bipartite NLS was essential for vRNA transcription (31) . In contrast, the single amino acid substitution R214A or R216A had no effect on viral-genome replication/transcription, NP localization, or virus replication. These results suggest that a single mutation at position 214 or 216 of NP may not be sufficient to affect NP function, although multiple amino acid changes in the bipartite NLS (positions 213, 214, and 216) completely disrupt vRNA transcription, NP nuclear accumulation, and virus replication (31) . We also found that a mutation at position 199 did not affect viral-genome replication/ transcription and NP nuclear transport.
In this study, we found that mutations A337R, E339A, Q405A, S407A, F412A, V414A, R416A, F488A, F489A, D491A, and E495A significantly decreased the transcription of influenza vRNA ( Table 1 ). The crystal structure of influenza NP shows that each NP contains a tail loop, formed by residues 402 to 428 (41) . This tail loop is inserted into the body domain of a neighboring molecule in a counterclockwise direction when viewed along the threefold axis from the side of the head domain. Mutagenesis revealed that the tail loop is essential for NP oligomerization, which in turn is necessary for vRNA transcription (8, 42) . Since the mutations we tested (A337R, E339A, Q405A, S407A, F412A, V414A, R416A, F488A, F489A, D491A, and E495A) reside in or near the NP-NP-interacting region (8, 41) , they may disrupt the NP-NP interaction, leading to inhibition of viral-genome replication and transcription.
Using coimmunoprecipitation, Biswas et al. showed that coexpression of the components of the polymerase protein complex (PB1, PB2, or PA) with NP either together or pairwise revealed that NP interacts with PB1 and PB2 but not with PA (3). These experiments implicated three NP regions-amino acids 1 to 160, 256 to 340, and 340 to 498-in binding to the PB2 subunit of the viral polymerase (3, 33) . In our study, mutant viruses R150A, E254A, A260R, K273A, A337A, E339A, R355A, A387R, Q405A, F412A, R416A, F488A, and F489A were not viable, and their abilities to support vRNA transcription were decreased significantly. Our results suggest that these NP mutations (i.e., R150A, E254A, A260R, K273A, A337A, E339A, R355A, A387R, Q405A, F412A, R416A, F488A, and F489A, which lie in or near the PB2 binding domain) block the interaction of NP with the polymerase subunits (PB1 and PB2), leading to defective viral growth.
In summary, we have identified amino acids that alter the functionality of NP in viral-genome replication/transcription. We have also identified amino acids in NP that facilitate efficient incorporation of multiple vRNA segments into progeny virions, suggesting a role of these amino acid residues in the assembly of influenza A virus segments in the form of RNPs. Further analyses of the significance of NP should provide information essential to our understanding of influenza virus replication. 
